We studied the influence of perfusion pressure (arterial pressure minus venous pressure) on the magnitude of responses of renal blood flow to intraarterial injections of acetylcholine, norepinephrine, adenosine, and angiotensin. The left kidney of dogs anesthetized with pentobarbital was denervated, renal arterial flow measured with an electromagnetic flowmeter, and renal perfusion pressure varied by constricting the aorta or renal vein. The percent changes in renal blood flow produced by standardized doses of each vasoactive agent were considered an indication of vascular responsiveness. In kidneys having autoregulation, vascular responsiveness so defined was a function of renal perfusion pressure. In contrast, this correlation was not characteristic of denervated, non-autoregulating canine hindlegs. These experiments do not distinguish between the alternate possibilities that changes in renal vascular responsiveness may have a role in autoregulation or may be a consequence of it.
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• The relationship between arterial perfusion pressure and blood flow is considered one of the most basic physiological characteristics of a given organ. Relative constancy of blood flow independent of arterial pressure, i.e., autoregulation, is observed in a number of organs and is particularly evident in the kidney. The basis of renal autoregulation is unknown, despite voluminous research on the subject (1) (2) (3) . The objective of the present study was to determine whether there is an interrelationship between autoregulation and vascular responsiveness to vasoactive materials.
The vasoactive materials we studied occur Received November 11, 1968 . Accepted for publication March 25, 1969. naturally, and a role in autoregulation has been hypothesized for several of them (1) . Our experimental approach was to measure blood flow responses to intraarterial injections. During any given flow response, perfusion pressure remained constant. This experimental design, utilized by Folkow in evaluation of feline hindleg vascular responsiveness (4) differs from constant flow preparations by more nearly simulating in-vivo conditions that might be characterized by the local release of vasoactive materials within an organ. All studies were performed on acutely denervated vascular beds. We have also studied the vascular responses of the canine hindleg to provide comparative data from an organ anatomically and functionally different from the kidney. The responses of this preparation differed qualitatively from those of the autoregulating kidney. As a result of our experiments, we have described a difference in the behavior of autoregulating and non-autoregulating vascular beds that may be useful in understanding the phenomenon of autoregulation. 
Methods

EXPERIMENTAL PREPARATIONS AND PROTOCOLS
Mongrel dogs of either sex weighing 15 to 20 kg were anesthetized with pentobarbital, 25 mg/kg iv, followed by an infusion of 5 mg/kg/ hour. Tracheostomy was performed, and respiration was maintained by a Harvard respirator. Blood gases were within the normal range.
Kidney Experiments (33 Animals)
The left renal artery was exposed by a retroperitoneal flank incision and the kidney denervated by section of all visible neural structures entering the renal hilum. Renal venous pressure was measured by a peripherally directed cannula (Angiocath, 18 gauge) inserted through the left spermatic or ovarian vein into the left renal vein. In some cases an adjustable ligature was placed around the left renal vein to permit control of renal venous pressure by variable constriction. Arterial pressures were measured by a femoral cannula advanced to the level of the left renal artery. Renal blood flow was measured continuously by a Medicon M4000 electromagnetic flowmeter. Flow transducers were calibrated by timed collections of blood passed at multiple rates through excised vessels. Calibrations were highly reproducible, as indicated by a coefficient of variation of 4% between replicate determinations. Amplification and recording were done with a Beckman type RC Dynograph. Mean flow and pressure measurements were obtained by amplifier averaging circuits. Comparative studies indicated that the amplitude of flow responses was not significantly affected by this procedure. The aorta was constricted proximal to the left renal artery by stepwise tightening of either an adjustable screw clamp or a ligature.
A no. 23 needle attached by a short segment of flexible tubing to a stopcock was used for renal arterial injection of drugs, each dose contained in a uniform volume of 0.2 ml. No effects on the general circulation were observed following the drug injections. Patency of the injection needle was maintained by an infusion of normal saline, 0.2 ml/min. The relationship between renal blood flow and renal arterial pressure was determined by constricting the aorta to produce stepwise pressure decrements of approximately 12 mm Hg, the pressure sequence always being from highest to lowest. Pressure-flow relationships were studied repeatedly during each experiment. In occasional experiments, there were upward or downward shifts in renal blood flow at a given pressure. If flow shifts were greater than 15%, the experiment was not included in this study. Paired comparisons of flow rates before, during, and after the series of drug injections showed no statistically significant differences.
The flow response to a given drug injection was defined as the difference between preinjection flow and flow at the peak response. Injections of 0.2 ml normal saline containing no drug were performed to assure completeness of flushing between drugs and to indicate the effect of the injection procedure per se. These control injections caused artifacts that were easily distinguished from drug responses by their early occurrence, small magnitude, and short duration. In every experiment the relationships between doses of each drug and blood flow responses were initially determined by serial injections of twofold increments in the amount of drug, beginning with low doses having nearly indiscernible effects. Dose-response curves relating drug dose to renal blood flow response were drawn. A pair of standardized doses of each drug was selected which produced responses bracketing a 20% increase in renal blood flow with acetylcholine, and a 40% decrease with adenosine, angiotensin, and norepinephrine. These doses were determined at the renal arterial pressure without aortic constriction. The same two doses, termed low and high doses, were used for all further phases of a given study, and the injection order was always small dose first.
Renal blood flow responses to the two selected doses of each drug were determined during a series of decrements of approximately 25 mm Hg in renal arterial pressure. The pressure ranges studied extended at least 50 mm Hg below the baseline arterial pressures, which averaged 137.9 mm Hg. The order in which the four drugs were injected was random, but consistent within any given experiment. Since all four drugs were not used in every experiment, the total number of experiments using a specific drug was always less than the total number of experiments. Preinjection pressure was uniformly varied from high to low, with the exception of five experiments in which the order was random. No difference in the pattern of responses was observed between these five experiments and those in which pressure was altered in successive downward steps. In addition, after release of aortic constriction and recovery of control levels of renal arterial pressure and blood flow, responses identical to those before the stepwise aortic constriction were observed in each of 14 experiments in which this maneuver was performed. We therefore concluded that the sequence in which renal arterial pressure was varied was not a determinant of renal blood flow responses to the vasoactive drugs. It should be reemphasized that reproducibility of the pressure flow relationships in a given experiment was prerequisite to reproducibility of drug responses. Seven kidneys spontaneously lacked autoregulation. Statistical analysis revealed that the renal blood flow per 100 g kidney weight was significantly lower in these experiments than in the autoregulated group. The qualitatively different pressure-flow relationships and statistically significant differences in renal blood flow justified exclusion of these experiments from further statistical analysis. There was no recognized difference in the experimental conditions of the non-autoregulating kidney group except that the mean arterial pressure of the animals in that group was 18.6 ±7.3 mm Hg (P<0.05) less than that of the animals of the autoregulating group.
Hindlcg Experiments (13 Animals)
We made analogous studies of the response of femoral blood flow to acetylcholine, norepinephrine, and angiotensin to obtain data from a vascular bed having minimal autoregulation. Therefore, femoral arterial pressure was reduced no lower than 95 mm Hg, below which a degree of autoregulation has been documented in the hindleg (5). These studies differed from the renal experiments only in the following details: the sciatic and femoral nerves were sectioned; blood flow through the paw was completely occluded by a screw-tightened steel chain link ligature; the site of aortic constriction was located immediately above the aortic bifurcation; arterial pressure was measured at the level of the contralateral femoral artery.
ANALYSIS OF EXPERIMENTAL RESULTS
Renal blood flow values were expressed as ml/min/100 g kidney weight. In experiments with aortic constriction, renal venous pressure was ignored, since it was considered to be relatively constant and small in magnitude compared to the changes in renal arterial pressure. However, in experiments with renal venous constriction, net renal perfusion pressure was calculated as the difference between renal arterial pressure (which was constant) and renal venous pressure. We analyzed flow responses both in terms of absolute flow changes (ml/min), and percent changes from preinjection flow rates.
Since arithmetic scale graphs of mean magnitudes of absolute and percent flow responses versus arterial pressure or net renal perfusion pressure were linear by inspection, we concluded that linear regression was a valid general form by which to calculate our results. The relationships of absolute and percent flow responses to pressure were calculated for each experiment by the method of least squares (6) . Statistical significance was obtained by appropriate application of the paired Mest (7) or the t-test (8).
Results
RENAL BLOOD FLOW RESPONSIVENESS AS MODIFIED BY GRADED AORTIC CONSTRICTION (TWENTY-SIX EXPERIMENTS)
The influence of renal arterial pressure on the average level of renal blood flow during the peak response to two doses of each drug is presented in Figure 1 . Before injection, renal blood flow was virtually constant over an arterial pressure range from 100 to 150 mm Hg, as may be seen from the control curve. However, autoregulation was incomplete between pressures of 80 and 100 mm Hg. Responses at 80, 100, 125, and 150 mm Hg are shown. The absolute magnitude of the average flow responses at each pressure can be deduced by comparing flow rate before injection with that during peak drug response. It is apparent that the responses were always proportional to renal arterial pressure, being least at 80 mm Hg and greatest at 150 mm Hg. Paired f-tests between the magnitudes of the responses of 100 mm Hg (the pressure chosen for reference purposes) and those at the other three pressures indicated significant differences (P <0.001) in each. The correlations between renal arterial pressure and absolute magnitude of flow responses analyzed by linear regression indicated that the mean slope for each drug differed significantly (P<0.001) from zero. There were no differences between the slopes of the responses to the four drugs or the responses to high and low doses of a particular drug. Analysis of renal blood flow responses as percent changes from the preinjection rate also indicated a significant effect of changes in renal arterial pressure. The mean regression slopes for all four drugs significantly (P < 0.001) exceeded zero.
Relationships between renal arterial pressure and mean doses of adenosine (ADN), angiotensin (AG),
We also analyzed the effect of arterial pressure on the doses of each vasoactive drug required to produce standard percent responses of renal blood flow (20% increase by acetylcholine, and 25% decrease by adenosine, angiotensin, and norepinephrine). At each pressure the two doses of each drug were plotted against percent response of renal blood flow. The dose required to produce the standard percent response was determined by extrapolation for each experiment. Figure 2 presents the mean doses of each drug at each pressure. The doses required at 80, 125, and 150 mm Hg differed significantly from those required at 100 mm Hg, with the single exception of angiotensin at 150 mm Hg. Drug dose decreased significantly as renal arterial pressure was increased. Renal Vein Pressure mm Hg
RESPONSES OF RENAL BLOOD FLOW MODIFIED BY GRADED RENAL VENOUS CONSTRICTION (SIX EXPERIMENTS)
FIGURE 3
Effects of graded increments of renal vein pressure on renal blood flow and its peak responses to low and high doses of adenosine (ADN), angiotensin (AG), acetylcholine (Ach), and norepinephrine (NE blood flow and its responses to the four drugs. Renal arterial pressure was unchanged during these experiments. Renal venous constriction sufficient to elevate venous pressure to 45 mm Hg did not alter the blood flow. The same observation has been reported by others using a similar experimental design (9). However, a readily apparent statistically significant attenuation of the flow responses to all four vasoactive agents was associated with increased venous pressure. Since baseline renal blood flow was not changed by venous constriction, analysis of either the absolute or the percent flow responses to drugs produced equivalent results. The mean regression lines relating percent renal blood flow responses to renal perfusion pressure (arterial minus venous pressure) are presented in Figure 4 . Each of the six animals in this series was studied by both aortic and renal venous constriction, thereby permitting paired comparison of the effects of the two methods of altering renal perfusion pressure. Data relating only to responses to acetylcholine and norepinephrine were obtained in these paired studies. It is apparent that increasing renal venous pressure produced an effect qualitatively the same as decreasing the renal arterial pressure. All slopes were significantly different from zero (P < 0.001). Paired comparisons of the slopes of the mean regression lines relating percent blood flow responses to renal perfusion pressure indicated that significantly (P < 0.05) greater slopes were associated with venous constriction than with aortic constric- tion in the case of norepinephrine (high dose) and acetylcholine (low dose).
FEMORAL BLOOD FLOW RESPONSES AS MODIFIED BY GRADED AORTIC CONSTRICTION (THIRTEEN EXPERIMENTS)
Responses were evaluated at two levels of femoral arterial pressure. The mean value (± SE) of the lower pressure was 101.4 ± 0.6 mm Hg and that of the higher was 137.5 ± 3.7 mm Hg. The mean femoral vascular resistance at the lower pressure was 3.12 ± 0.42 mm Hg/ml/min and at the higher pressure, 2.03±.026 mm Hg/ml/min. The mean increase in femoral vascular resistance resulting from aortic constriction was 1.09 ± 0.20 mm Hg/ml/min, (P<0.001), an effect which would be consistent with passive constriction of the femoral vascular bed. Figure 5 illustrates the effect of femoral arterial pressure on average flows before injection and during peak responses to acetylcholine, angiotensin, and norepinephrine. Regression analysis of the blood flow responses to these three agents revealed a pattern which was qualitatively quite different from that observed in the autoregulating kidneys. Although increases in femoral arterial pressure resulted in significant (P <0.001) augmentation of the absolute flow responses to both doses of each drug, it had no significant effect on percent flow responses.
Discussion
The present data clearly define two qualitatively different patterns of vascular responsiveness, which under the conditions of our experiments, seem to depend on the presence or absence of autoregulation. When organ blood flow responses to standardized doses of vasoactive drugs were studied over a range of arterial pressures, the percent changes in blood flow of autoregulating kidneys were pressure dependent, while those of nonautoregulating limbs were independent of arterial pressure. Although not presented here, our unpublished data concerning the effect of pressure on vascular responses of spontaneously low blood flow, non-autoregulating kidneys is also of interest, since these organs behave in a manner qualitatively similar to that of the hindlegs. We have documented the same McNAY, KISHIMOTO pattern of response in kidneys rendered nonautoregulatory by ethacrynic acid, a drug which increases renal blood flow. Thus, during two quite different non-autoregulatory states, renal vascular responsiveness resembles that of the limb. Although the association of autoregulation and pressure-dependent responsiveness seems clear, the mechanism underlying the association is not established by our data, since either factor could have a causal relationship to the other, or both to some unrecognized third factor.
It is apparent that pressure-dependent vascular responsiveness would be consistent with the hypothesis that a vasoconstrictor material released within the kidney mediates autoregulation. It is not essential to know the identity of the hypothetical constrictor material, since pressure equally affected responses to various chemical entities; i.e., a catecholamine, a nucleoside, and a polypeptide. The phenomenon of pressure dependency would amplify the response to a given amount of vasoconstrictor compound, thereby reducing the extent of altered intrarenal concentration required for autoregulatory behavior. This amplification factor would be highly advantageous to maintenance of overall renal homeostasis, since smaller displacement of the system regulating concentration of vasoconstrictor compound would be required to produce the necessary adjustments in renal resistance.
In analyzing the possibility that pressuredependent responsiveness might result from, rather than contribute to, the autoregulatory process, we directed our attention to vascular resistance. Under circumstances where vascular resistance varied as a direct function of perfusion pressure, vascular responsiveness did likewise. A possible mechanism for this correlation is provided by the hypothesis originally presented by Redleaf and Tobian (10) that increase in vascular reactivity is secondary to an increase in vessel wall-lumen ratio. Although Folkow andOberg (4) One can recognize several possible implications of our observations in the area of renal pathophysiology. If renal autoregulation is present in hypertension, the high renal perfusion pressure might sensitize the renal vasculature to vasoconstrictor materials of humoral or neural origin. This effect could contribute to a differential increase in the responsiveness of the renal vasculature relative to the responsiveness of other vascular beds and contribute to the decreased renal fraction of cardiac output characteristic of hypertension (11) . From a therapeutic viewpoint, our observations support the concept that it is desirable per se to lower elevated blood pressure, since in so doing one may be specifically protecting the kidney and possibly other autoregulating vascular beds from excessive responsiveness to vasoconstrictor materials.
